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ABSTRACT
Corrosion and High-Temperature Deformation Characteristics of a Target 
Structural Material for Transmutation Applications
by
Srinivasa Rao Kukatla
Dr. Ajit K. Roy, Examination Committee chair 
Associate Professor of Mechanical Engineering 
University of Nevada, Las Vegas
Tensile properties of quenched and tempered martensitic Alloy EP 823, a target 
structural material, have been evaluated at temperatures ranging from ambient to 600°C 
as a function of three different tempering times. The susceptibility to stress corrosion 
cracking and localized corrosion (pitting and crevice) behavior was determined by using 
slow-strain-rate (SSR) and cyclic potentiodynamic polarization (CPP) techniques, 
respectively. The results of tensile testing indicate that the yield strength and ultimate 
tensile strength were gradually reduced with increasing temperature. However, as 
expected, the ductility parameters were enhanced at elevated temperatures due to 
increased plasticity. The results of SSR testing, in the 90 C acidic solution, indicate that 
the failure stress was increased but the ductility was reduced to some extent at longer 
tempering times. The CPP results indicate that the critical potentials became more active 
(negative) at higher testing temperature. Evaluation of the primary fracture face by 
scanning electron microscopy revealed extensive cracks at ambient temperature but 
increased ductility at elevated temperatures showing larger plastic zone size.
in
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CHAPTER 1 
INTRODUCTION
Disposal of spent nuelear fuel (SNF) and defense high-level waste (HEW) poses a 
severe challenge to all nuclear power-generating nations. In the United States, roughly 
100 operating reactors (which cunently produce about 20% of the nation’s electricity) 
will create over hundred thousand metric tons of such discharged or spent fuel over the 
course of their lifetimes. Seventy thousand metric tons of this waste is destined for 
geologic disposal at the Yucca Mountain site in Nevada. Worldwide, more than 250,000 
tons of SNF from cuiTcntly operating reactors will require disposal. These numbers 
account for only HEW generated by present-day power reactors. Rather conservative 
projections of nuclear power growth worldwide in the coming decades indicate that, by 
the year 2050, almost 1 million tons of discharged fuel requiring disposal could exist. 
Such projections would indicate the need to build and commission a repository of the 
scale of the Yucca Mountain disposal site somewhere in the world roughly every three to 
four years.
SNF contains several unstable nuclei in sufficient quantities to render the material 
quite radioactive for a prolonged period of time. The process of disposing the SNF carries 
an obligation to isolate these materials from the environment for a period of 10,000 years, 
as proposed by the United States Department of Energy. This unusually long duration 
challenges man’s abilities to engineer long-lasting containers and barriers, and therefore.
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force some reliance on predictions of geologic behavior to ensure the desired long-term 
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Figure 1-1 Spent Nuclear Fuel Management
Nearly all issues related to risks to future generations arising from long-term disposal 
of SNF may be attributed to approximately 1% of its content. This 1% is primarily made 
up of plutonium, neptunium, americium, and curium (known as transuranic elements) and 
long-lived actinides/isotopes of iodine and technetium created as fission products in 
nuclear power reactors. SNF management approach is shown in Figure 1-1. When 
transLiranics are removed from the discharged fuel destined for disposal, the toxic nature 
of the SNF drops below that of natural uranium ore mined for nuclear fuel within a period 
of several hundred years. Removal of plutonium and other transuranics from radioactive 
materials destined for geologic disposal also eliminates issues related to long-term heat
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management within geologic environments. In brief, a major nuclear waste-disposal 
challenge is driven by a relatively small amount of long-lived radioactive materials. 
Hence, significant efforts are in progress to transmute the SNF. The process of 
transmutation is illustrated in Figure 1-2.
Used Fuel Rods Extract Uranium
Chop and Leach
Thermal Reactor
'■Vié \ J
Extract Actinides 
And Fission Products
Reprocess
Pu
Fast
Systems
Fuel Fabrication
Figure 1-2 Schematic Illustration of Transmutation strategy for SNF
The impact of an accelerator transmutation of waste (ATW) system on geologic 
disposal could be significant. It could either delay or potentially avoid altogether the need 
for a second geologic repository. It could also reduce the rigid performance requirements 
of a geologic repository, in that the waste isolation period could be reduced from 10,000 
years to shorter durations. There are three major beneficial aspects that may result from
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the transmutation of the problematic nuclear waste components. First, the amount of 
long-lived actinides and the disposal period could be substantially reduced. It could also 
minimize the necessity for geologic and climatic controls in the distant future, thus, 
reducing the disposal period inside the proposed repository. Secondly, the partitioning 
and transmutation process could allow for the use of optimized waste forms that could be 
highly resistant to leaching and other natural processes that may release hazardous 
substances inside the repository. Finally, by transmuting most of the transuranics, such as 
plutonium, the necessity for future generations to emplace SNF/HLW inside the 
repository could be significantly reduced.
The one of the candidate transmutation processes involves bombarding a target 
material by protons generated by an accelerator, thereby producing neutrons. These 
neutrons are then impinged upon the actinides and fission products (separated from SNF 
and HLW) those then capture the neutrons and undergo transmutation. During this 
process, new isotopes having lower half-lives will be formed, there by enabling the 
disposal of HLW and SNF for shorter durations in the proposed geologic repository. 
During the transmutation process, significant amount of heat can also be generated in the 
target material. However, this target material will be contained in a subsystem structural 
container made of a suitable material. Thus, this target structural material may undergo 
plastic deformation while subjected to this temperature regime.
Lead-bismuth-eutectic (LBE) has been proposed to be a spallation target producing 
source neutrons from the incident proton beams, and simultaneously acting as a blanket 
coolant, thus, removing the generated heat. Major challenges to be experienced by the 
LBE-containing structural material are its capability to resist the high temperature
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
deformation and corrosive degradation while in contact with this molten target material at 
elevated temperatures. Therefore, this investigation is aimed at evaluating the high 
temperature deformation behavior and the corrosion resistance of a candidate target 
structural material for transmutation application.
This thesis presents the results of high-temperature tensile testing of a martensitic 
stainless steel, namely Alloy EP-823 that is currently being considered in Europe and the 
United States as a target structural material during transmutation of SNF and HLW. The 
results of stress-corrosion-cracking (SCC) and localized corrosion (crevice and pitting) 
studies performed in aqueous environments using state-of-the-art experimental 
techniques will also follow in the next few sections. Significant efforts have also been 
focused on characterizing the metallurgical microstructure and fractography of tested 
specimens using optical microscopy and scanning electron microscopy (SEM), 
respectively. Based on the overall test data, a plausible fundamental understanding of 
high-temperature deformation and environment-induced degradation has also been 
presented in this thesis.
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CHAPTER 2
MATERIAL, TEST SPECIMENS AND ENVIRONMENTS
2.1. Test Material
The material tested in this investigation was a Russian-grade martensitic stainless 
steel (SS) known as Alloy EP-823. This material has been extensively used as a structural 
material to contain the molten lead-bismuth-eutectic (LBE) that may act as a target 
material onto which accelerator-driven proton beam can be impinged to produce 
neutrons. These neutrons can then be bombarded onto the radioactive SNF and HLW to 
transmute them. Since significant amount of heat can be generated during the 
transmutation process, the molten LBE can also be used as a coolant.
Martensitic stainless steels are known for their high tensile strength, moderate creep, 
and fatigue properties, in combination with moderate corrosion and heat resistance. 
Martensitic stainless steels are essentially alloys of chromium and molybdenum that can 
possess a body-centered cubic (bcc) or body-centered tetragonal (bet) crystal structure in 
the hardened (martensitic) condition. The medium carbon content in the martensitic 
stainless steels enables the development of the desired metallurgical microstructures and 
properties resulting from hardening and tempering. The chromium and carbon contents 
are balanced to ensure a fully-tempered martensitic microstructure following hardening 
and subsequent tempering. The presence of molybdenum can enhance the mechanical 
properties and the localized coiTOsion resistance.
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Alloy EP-823, containing a relatively high silicon level, was developed in Russia to 
provide adequate corrosion resistance in oxygen-containing LBE coolant. Alloy EP-823 
has been successfully used in Russia as a structural material to contain LBE during 
transmutation application. This alloy possesses significant resistance to swelling during 
high neutron exposure at temperatures up to 420 C, low rate of irradiation creep and 
rather low activation. This alloy has also been reported to retain its high strength and 
ductility at elevated temperatures in irradiated conditions.
Experimental heats of Alloy EP-823 were melted at the Timken Research Laboratory, 
Canton, Ohio, by vacuum induction melting practice followed by processes that included 
forging and hot rolling. The hot rolled products were subsequently cold rolled to produce 
round bars of different sizes. Since fine-grained fully-tempered martensitic 
microstructures were desired in these materials, the cold-rolled bars were initially
O
austenitized at 1010 C followed by an oil quench. Hard but brittle martensitic 
microstructures were developed in these bars due to austenitizing and quenching.
Therefore, tempering operations were performed at 621 C for three different tempering 
time periods of 1.25, 1.75 and 2.25 hours to produce fully-tempered martensitic 
microstructure without formation of any retained austenite, thus producing appreciable 
ductility. The puipose of using different tempering times was to study their effect on the 
resultant metallurgical properties including tensile properties and microstructures. The 
chemical compositions of two different heats of Alloy Ep-823 are shown in Table 2-1.
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Table 2-1 Chemical Composition of Alloy EP-823
Heat
No.
c Mn P S Si Cr Ni Mo Cu V W Cb B Ce
2054 0.16 0.55 0.014 0.004 1.09 11.70 0.66 0.74 0.002 0.30 0.60 0.24 0.009 0.04
2056 0.14 0.56 0.013 0.005 1.11 11.68 0.66 0.73 0.002 0.30 0.62 0.22 0.009 0.05
2.2. Test Specimens
Smooth cylindrical tensile specimens (4-inch overall length, 1-inch gage length and 
0.25-inch gage diameter) of Alloy EP-823 were machined by Laboratory Testing Inc., 
using the quenched and tempered bar stocks. These specimens were fabricated in such a 
way that the gage section was parallel to the longitudinal rolling direction. The gage 
length to the diameter (1/d) ratio of these specimens was maintained at 4 according to the 
ASTM Designation E 8. The configuration of the smooth cylindrical specimens used in 
mechanical properties evaluation and SCC studies is shown in Figures 2.1. The small 
cylindrical specimens used in localized corrosion studies were fabricated from the heat 
treated materials according to the ASTM Designation G 5. All test specimens were 
polished using fine-grit sand papers. The schematic view of the polarization specimen is 
shown in Figure 2.2.
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2.3. Test Environments
As indicated earlier, Alloy EP-823 will be in contact with the molten LBE in the 
transmutation process. Therefore, coiTosion studies involving Alloy EP-823 are in 
progress at the Los Alamos National Laboratory (LANL) using its LBE loop. Since, the 
molten LBE environment could not be accommodated at UNLV, corrosion studies at 
UNLV were performed using aqueous environments of different pH values at ambient 
and elevated temperatures to establish baseline corrosion data. Both neutral and acidic 
aqueous solutions were used to evaluate the susceptibility of Alloy EP-823 to SCC and 
localized corrosion (pitting and crevice). The object of using neutral and acidic (different 
pH) solutions was to study the effect of pH on both the SCC and localized corrosion 
behavior, of this alloy. It is well known that the increased concentration of hydrogen ion
(H ) can enhance the degradation of a susceptible material exposed to an aqueous 
solution. The H ion concentration is significantly higher in the acidic solution, thus 
resulting in a lower pH and subsequently more corrosive attack. The compositions of the 
testing environments are given in table 2-2.
With respect to the mechanical properties evaluation using the MTS unit, tensile
testing was performed at ambient and elevated temperatures (100 to 600 C) in the 
presence of nitrogen to prevent oxidation and film formation during testing.
Table 2-2 Chemical Composition of Test Solutions (gram/liter)
Solution (pH) CaClz K2SO4 MgS04 NaCI NaNOs Na2S04 HCl
N e u tra l (5 -5 .5 ) 2 J 6 9 7.577 4.951 39^ 173 31.529 5 6 J 4 2 -
A cidic (2-2 .5) 2 J 6 9 7.577 4.951 39.973 31.529 5 6 7 4 2 A d d e d  to  a d ju s t 
th e  d e s ire d  p H
10
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CHAPTER 3
EXPERIMENTAL PROCEDURES 
The high temperature tensile properties of Alloy EP-823 were evaluated by using an 
axial/torsional material testing system (MTS). The susceptibility to SCC in neutral and 
acidic aqueous environments was evaluated by using slow-strain-rate (SSR) testing 
technique at ambient temperature and 90°C. The localized corrosion behavior was 
evaluated by using the electrochemical cyclic potentiodynamic polarization (CPP) 
technique using a potentiostat manufactured by Gamry Instruments. Finally, 
fractographic and metallographic evaluations were performed by SEM and optical 
microscopy, respectively. The detailed experimental techniques are discussed next in the 
following subsections.
3.1. Tensile Testing
The tensile properties including the ultimate tensile strength (UTS), yield strength 
(YS) and ductility parameters such as percentage elongation (%E1) and percentage 
reduction in area (%RA) were evaluated at ambient temperature, 100, 300, 400, 500 and
600 C using an axial/torsional servohydraulic MTS unit. The smooth cylindrical 
specimens were strained in tension at a strain rate of lO'^/sec according to the ASTM 
Designation E 8. A minimum of two specimens were tested under each condition and 
the average value was determined. The experimental data such as the load, time, and
11
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extensometer reading were recorded in the data file at the rate of 100/sec. The 
engineering stress versus engineering strain curves were developed using these data. The 
magnitude of the yield strength (YS) was determined by the point of intersection of a line 
drawn parallel to the linear portion of this curve at a strain offset value of 0.2% of strain. 
UTS, %E1 and %RA were also determined using this plot, and the dimensions of the 
cylindrical specimen before and after testing.
The MTS unit model 319.25, shown in Figure 3.1, had an axial load transducer of 55 
kip (250 kN) and a torsional load transducer of 20,000 Ibf-in (2200 N-m) capacity. It had
O
a hydraulically-controlled actuator with 5.5” stroke and approximately 55 angular 
rotation. It consisted of a large heavy-duty load frame with an adjustable crosshead 
attached to the wedge grip at the top, and a movable actuator with another wedge grip at 
the bottom to enable loading and unloading of the test specimen. The axial motion can be 
controlled by force, displacement, or an external signal from the strain gage. The 
torsional motion can be controlled by torque, angular position, or an external signal from 
the strain gage. The specimen was mounted between two wedge grips and was pulled by 
the movable actuator. The load cell, contained in the crosshead, measured the applied 
force on the tensile specimen. The movement of the crosshead relative to the locked 
crosshead generates the strain within the specimen and consequently, the coiTesponding 
load.
12
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Figure 3-1 Material Testing System (MTS)
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The MTS machine was equipped with an 8-channel signal-conditioning box for 
monitoring the strain gages, extensometers, and temperature sensors. Signals from this 
box were processed directly by the MTS control software programs (Test Star 790.00 v 
4.0E and Test Ware SX v 4.0D) that automatically controlled all signals during testing. A 
laser extensometer having a scan rate of 100 scans/sec was added to this MTS unit to 
measure the elongation of the gage section of test specimen during plastic deformation 
under tensile loading. The MTS unit was modified to accommodate high-temperature 
testing in the presence of nitrogen using a ceramic-lined custom-made chamber. The 
testing temperature inside this chamber was monitored by two K-type thermocouples. A 
pair of custom-built water-cooled specimen grips made of maraging steel (M250) was 
attached to the MTS machine to prevent these grips from being heated during testing at 
elevated temperatures. Temperature profiles were developed to determine the times 
needed to achieve the desired test temperatures as a part of the furnace calibration 
process. The resultant times and the environment chamber set point temperatures for 
different target temperatures in the presence of nitrogen gas at 20 bar on Argon scale are 
shown in Table 3-1.
Table 3-1 Minimum Times to Reach the Desired Temperature
Material Target temperature 
(°C)
Environmental chamber 
set point temperature 
(C )
Minimum time to reach 
the target temperature 
(minutes)
EP-823 100 143 60
EP-823 300 363 60
EP-823 400 467 55
EP-823 500 563 50
EP-823 600 658 50
14
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3.2. Slow-Strain-Rate Testing
Slow-strain-rate (SSR) testing was performed using a specially-designed system 
known as a constant-extension-rate-testing (CERT) machine, as shown in Figure 3.3. 
This equipment enabled testing to simulate a broad range of load, temperature, strain-rate 
and environmental conditions using both mechanical and electrochemical conosion 
testing techniques. These machines, designed and manufactured by the Cortest Inc, 
offered accuracy and flexibility in testing the effect of strain rate, providing up to 7500 
lbs of load capacity with linear extension rates ranging from 10  ̂ to 10  ̂in/sec. To ensure 
the maximum accuracy in test results, this apparatus was comprised of a heavy duty load- 
frame that minimized the system compliance while maintaining precise axial alignment 
of the load train. An all-gear drive system provided consistent extension rate. Added 
features included a quick-hand wheel to apply a pre-load prior to operation.
The SSR test setup used in this investigation consisted of a top-loaded actuator, 
testing chamber, linear variable differential transducer (LVDT) and load cell as shown in 
Figure 3.4. The top-loaded actuator was intended to pull the specimen at a specified strain 
rate, so that the spilled solution, if any, would not damage the actuator. A heating coil 
was connected to the bottom cover of the environmental chamber for elevated- 
temperature testing. A thermocouple was connected through the top cover of this 
chamber to monitor the testing temperature. The load cell was intended to measure load 
through an interface with the front panel. The LVDT was used to record the displacement 
of the gage section during testing.
15
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Prior to the performance of SCC testing, the load-frame-compliance factor (LFCF, 
the deflection in the frame per unit load) was determined by using ferritic Type 430 
stainless steel specimen. The generated LFCF data, shown in the Figure 3.4, were 
inputted to a load frame acquisition system prior to testing.
FVame Compliance Test
0.70
0.60
Frame -1 (LFCF=4e-6) 
y -  4E-06X + 0.6380.50
ë  0.40
Frame-3 (LFCF=5e-6) 
y = 5E-06x + 0.2309
0.30
0.20
0.10
Frame-2 (LFCF=5e-6) 
y = 5E-06X-T0.1248
0.00
0 1000 2000 3000 4000 5000 6000 7000 8000
Load (lb)
Figure 3-4 Load Frame Compliance Test Data
Smooth tensile specimens were used to evaluate the SCC susceptibility of Alloy EP- 
823. A strain rate of 3.3x10"^ sec ', was used during SSR testing. The selection of this 
strain rate was based on a prior research performed at the Lawrence Livermore National 
Laboratories (LLNL). It is well known that the SCC phenomenon is a consequence of 
two major factors including the applied or residual stress and a potent environment. If the 
stress is applied to the specimen at a very fast rate, while it is exposed to the aqueous
17
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environment, the resultant failure may not be different from the typical mechanical 
deformation produced without an environment. Conversely, if the strain rate is too slow, 
the resultant failure may simply be attributed to the corrosive damage by virtue of the 
breakdown of the protective surface film due to the interaction of the test material with 
the susceptible environment. In view of this rationale, the SSR testing at LLNL was 
initially conducted at strain rates ranging between 10"*'̂  and 10'°^/sec. However, based on 
this experimental work, it was determined that a strain rate at around lO'̂ ’̂ /sec could 
provide the most effective contributions of both the mechanical and environmental 
constraints in enhancing the cracking susceptibility in environments of interest during 
SSR testing. During SCC testing by the SSR method, the specimen was continuously 
strained in tension until fracture, in contrast to more conventional SCC test conducted 
under a sustained loading condition. The application of a slow dynamic straining during 
the SSR testing to the specimen produced failure that probably might not occur under a 
constant load or might have taken a prohibitively longer duration to initiate cracking in 
the tested specimens.
Load versus displacement and stress versus strain curves were plotted during these 
tests. Dimensions (length and diameter) of the test specimens were measured before and 
after testing. The cracking tendency in the SSR tests was characterized by the time-to- 
f ai lure (TTF), and the ductility parameters such as the percent elongation (%E1) and the 
percent reduction in area (%RA). Further, the maximum stress (Om) and the true failure 
stress (0 |) based on the failure load and the final cross sectional area were determined. 
%E1, %RA, Qm, Of were calculated using the following equations:
18
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%RA
xlOO
V o J
XlOO
a f A,
(Equation 3.1) 
(Equation 3.2) 
(Equation 3.3)
a  - mm A
A„ =
m
n  X  D
(Equation 3.4)
(Equation 3.5)
/ (Equation 3.6)
Where,
A„ -  Initial cross sectional area
A.„ = Cross sectional area at the maximum load
Ay -  Cross sectional area at failure
P„ = Ultimate tensile load
Py = Failure load
L„ = Initial length
Ly = Final length
D -  Initial diameter
DI = Final diameter
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3.3. Cyclic Potentiodynamic Polarization Testing
The susceptibility of Alloy EP-823 to pitting and crevice corrosion was determined 
by performing CPP experiments in neutral and acidic aqueous environments using a 
GAMRY potentiostat. This type of testing is based on a three-electrode polarization 
concept, in which the working electrode (specimen) acts as an anode and two graphite 
electrodes (counter electrodes) act as cathodes, as shown in Figure 3-5.
The reference electrode was made of Ag/AgCl solution contained inside a Luggin 
probe having the test solution that acts as a salt bridge. The tip of the Luggin probe was 
placed at a distance of 2 to 3 mm from the test specimen, as shown in Figure 3.6. At the 
onset, the corrosion or the open circuit potential (Ecorr) of the test specimen was 
determined with respect to the Ag/AgCl reference electrode, followed by forward and 
reverse potential scans at the ASTM specified^^^ rate of 0.17 mV/sec. An initial delay of 
50 minutes was given for attaining a stable Ecorr value. The magnitudes of the critical 
pitting potential (Ep^) and protection potential (EproO were determined from the CPP 
diagram.
20
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Figure 3-5 Electrochemical Testing Setup
Before conducting the CPP test, the potentiostat was calibrated according to the 
ASTM Designation G 5 ''^ \ Calibration of the potentiostat was performed to generate a 
characteristic potentiodynamic polarization curve (Figure 3.7) for ferritic Type 430 
stainless steel in IN (1 Normal) H2SO4 solution at 30°C. Small cylindrical test specimens 
made of this alloy were used to generate this calibration curve.
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Figure 3-7 Standard Potentiodynamic Polarization Plot (ASTM G 5) (10)
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3.4. Optical Microscopy
The metallographic technique using an optical microscope enables the 
characterization of phases present, their distributions with in grains and their sizes which 
depend on the typical composition and thermal treatments performed on a material of 
interest. Characterization of metallurgical microstructures of the test specimens before 
and after testing by optical microscopy is of paramount importance. The principle of an 
optical microscope is based on the impingement of a light source perpendicular to the test 
specimen. The light rays pass through the system of condensing lenses and the shutters, 
up to the half-penetrating mirror. This brings the light rays through the objective to the 
surface of the specimen. Light rays reflected off the surface of the sample then return to 
the objective, where they are gathered and focused to form the primary image. This 
image is then projected to the magnifying system of the eyepiece. The contrast observed 
under the microscope results from either an inherent difference in intensity or wavelength 
of the light absorption characteristics of the phases present. It may also be induced by 
preferential staining or attack of the surface by etching with a chemical reagent.
The test specimens were sectioned and mounted using the standard metallographic 
technique, followed by polishing and etching to reveal the microstructures including the 
grain boundaries. The polished and etched specimens were rinsed in deionized water, and 
dried with acetone and alcohol prior to their evaluation by a Leica optical microscope. 
This microscope is capable of resolution of up to lOOOX.
23
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3.5. Scanning Electron Microscopy
In a scanning electron microscope (SEM), electrons from a metal filament are 
collected and focused, just like light waves, into a narrow beam. The beam scans across 
the subject, synchronized with a spot on a computer screen. Electrons scattered from the 
subject are detected and create a current, the strength of which makes the spot on the 
computer brighter or darker. This creates a photograph-like image with an exceptional 
depth of field. Magnifications of several thousand times are possible. Normally, SEM 
provides black and white micrographs. A JEOL-5600 scanning electron microscope, 
capable of resolution of up to 50 nm at magnifications of up to 100,000 times, was used 
in this study. The manual stage of this SEM can accommodate four I cm diameter 
samples or one sample with up to 3.2 cm diameter.
The extent and morphology of failure in the tested specimens were determined by 
SEM. Analysis of failure in metals and alloys involves identification of the type of 
failure. The test specimens were sectioned into Vi to 3/4 of an inch in length to 
accommodate them in the vacuum chamber of the SEM. Usually, failure can occur by 
one or more of several mechanisms, including surface damage, such as corrosion or wear, 
elastic or plastic deformation and fracture. Failures can be classified as ductile or brittle. 
Dimpled microstructure is a characteristic of ductile failure. Brittle failure can be of two 
types, intergranular and transgranular. An intergranular brittle failure is characterized by 
crack propagation along the grain boundaries while a transgranular failure is 
characterized by crack propagation across the grains.
24
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CHAPTER 4 
RESULTS
4.1 Effect of Heat Treatment on the Ambient-Temperature Tensile Properties
The results of tensile testing of Alloy EP-823 at ambient temperature for all three 
tempering times are shown in Table 4-1. These results indicate that the tempering time 
did not exert any significant influence on the resultant tensile properties.
Table 4-1 Ambient Temperature Mechanical Properties of Alloy EP-823
Tempering
Time
(hrs)
Yield 
Strength, 
YS (ksi)
Ultimate 
Tensile 
Strength, 
UTS (ksi)
Uniform
Elongation
Percentage
Elongation,
%E1
Percentage 
Reduction in 
Area, %RA
1.25 101.83 124.73 10.10 24.79 63.81
1.75 103.35 124.40 9.64 24.40 65.00
2.25 101.47 123.70 9.56 24.31 64.07
4.2 Effect of Heat Treatment on Hardness
The results of hardness testing on Alloy EP-823 under different thermal-treatment 
conditions are shown in Table 4-2. A graphical representation of the effect of tempering 
time on the hardness value is shown in Figure 4-1. These results indicate that the
25
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hardness (Rc) value was significantly reduced due to tempering, as expected, showing 
more pronounced effect at longer tempering times.
Table 4-2 Hardness of Alloy EP-823 at Different Heat Treated Conditions
Heat Treatment Condition Hardness, Rc
Austenitized and Quenched 39
Tempered for 1.25 hr 28
Tempered for 1.75 hr 26
Tempered for 2.25 hr 24
4 0
I
Au.stenitized and 
Q uenched O nly
3 5
3 0
25
20
0 0 .5 21.5
T em pering Tim e (hours)
2 .5
Figure 4-1 Hardness versus Tempering Time
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4.3 Effect of Heat Treatment on Microstructure
The results of metallographic evaluation of Alloy EP-823 by optical microscopy 
under an austenitized and quenched condition, and at all three tempering times are shown 
in Figures 4-2 (a), (b), (c) and (d), respectively. An examination of these micrographs 
reveals that the tempering time did not influence the resultant metallurgical 
microstructure of this alloy in terms of grain size. However, fine grained and fully 
tempered metallurgical microstructures, characteristic of a marten si tic stainless steel 
resulted at all three tempering times, as illustrated in this figure.
■
(a) (b)
(C) ( d )
Figure 4-2 Optical Micrographs of Alloy EP-823, 5X (a) Austenitized and Quenched 
(b) Tempered for 1.25 hours (c) Tempered for 1.75 hours (d) Tempered for 2.25 hours
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4.4 Tensile Testing at Elevated Temperatures
Comparison of the stress-strain diagrams resulting from the tensile testing of Alloy 
EP-823, quenched and tempered for three different time periods, at different temperatures 
are illustrated in Figures 4-3, 4-4 and 4-5. The magnitude of the yield strength (YS) and 
the ultimate tensile strength (UTS) was determined from these stress-strain diagrams as a 
function of the testing temperature for a specific thermal-treatment condition. The 
percentage elongation (%E1) and the percentage reduction in area (%RA) were calculated 
from the initial and final dimensions (length and diameter) of the cylindrical specimens.
Alloy EP-823 
Quenched and Tempered 
Tempering Time: 1.25 Hours
140
UTSRT
120 100 CYS
TÜDT:100
500C Failure Stress
_600C
0.05 0.40.15 0.2
Strain
0.25 0.3 0.35
Figure 4-3 Comparison of Stress-Strain Diagrams at Different Testing Temperatures
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Strain
Figure 4-4 Comparision of Stress-Strain Diagrams at Different Testing Temperatures
Alloy EP-823 
Q uenched and Tem pered 
Tem pering Time: 2.25 hours
140
U TS
Y S
100 c120
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^  80
60 600 C
40
20
0.2 0.250.05 0.35 0.4 0.45
S tra in
Figure 4-5 Comparision of Stress-Strain Diagrams at Different Testing Temperatures
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The resultant parameters including YS, UTS, uniform elongation, %E1 and %RA are 
given in Tables 4-3 and 4-4 as a function of the testing temperature. Analysis of these 
data (Table 4-3) clearly indicate that the magnitude of the YS, UTS and the failure stress 
(FS) was gradually reduced with increasing temperature, as expected. Flowever, the 
extent of reduction of these parameters was more pronounced at temperatures beyond
400 C. It is also interesting to note that the strains were gradually reduced with increasing
temperature in the temperature regime of ambient to 300 C, followed by gradual
0 0
enhancement at testing temperatures beyond 300 C. At 600 C, the stress-strain diagrams 
were characterized by significantly lower YS and UTS values while the strain was 
enhanced to a larger extent irrespective of the tempering time. In contrast, as expected, 
the ductility of Alloy EP-823 in terms of %E1 and %RA was gradually increased at
O
temperatures above 400 C, as shown in Table 4-4.
Table 4-3 YS and UTS versus Testing Temperature
Tensile
Parameters
Tempering 
Time (hrs)
Testing Temperature ("C)
Ambient 100 300 400 500 600
YS (ksi)
1.25 101.83 96.87 88.97 86.90 77.25 57.20
1.75 103.35 97.30 89.00 84.25 77.60 57.20
2.25 101.47 95.87 89.80 81.45 74.90 55.55
UTS (ksi)
1.25 124.73 117.2 110.23 105.43 84.80 59.00
1.75 124.40 116.37 109.15 102.85 84.05 58.75
2.25 123.70 115.57 110.35 101.95 83.60 56.35
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Table 4-4 Uniform Elongation, %E1 and %RA versus Testing Temperature
Ductility
Parameters
Tempering 
Time (hrs)
Testing Temperature ("C)
Ambient 100 300 400 500 600
Uniform
Elongation
1.25 10.10 8.82 7.35 7.40 3.45 1.28
1.75 9.64 8.63 7.28 7.45 3.65 1.20
2.25 9.56 8.71 7.32 7.36 3.71 1.32
%E1
1L25 24.79 23.69 20.40 22.43 29.96 36.51
1.75 24.40 23.29 21.62 21.85 28.45 38.35
2.25 24.31 22.91 21.06 21.68 29.91 41.76
%RA
1.25 63.81 64.62 63.64 65.36 75.28 85.00
1.75 65.00 65.37 64.13 65.29 76.84 85.69
2.25 64.07 66.41 64.59 66.52 77.55 86.21
The data presented in Tables 4.3 and 4.4 are graphically reproduced in Figures 4-6, 4- 
7, 4-8 and 4-9 showing the effect of temperature on YS, UTS, uniform elongation, %E1 
and %RA, respectively. Once again, these data clearly show that the magnitude of YS 
and UTS were gradually reduced with increasing temperature. Simultaneously, the 
ductility parameters %E1 and %RA were gradually increased with increasing temperature 
due to enhanced plasticity at elevated temperatures. However, the uniform elongation 
decreased with increasing temperature, but in the temperature regime of 300 to 400 C due 
to strain hardening effect it is enhanced slightly. Needless to say that the tempering time 
did not influence these parameters at any testing temperature.
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Figure 4-6 YS versus Temperature
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Figure 4-7 UTS versus Temperature
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Figure 4-8 Uniform Elongation versus Temperature
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Figure 4-9 %E1 versus Temperature
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Figure 4-10 %RA versus Temperature
A laser extensometer was used to monitor the displacement of the test specimens at 
the gage section in the temperature regime of ambient to 400°C. However, the 
extensometer was not capable of precisely measuring the extension at temperatures 
beyond 400°C. Therefore, LVDT was used to measure displacement at 500 and 600°C. 
Accordingly, an attempt was made to compare the %EL of the test specimens obtained by 
using Extensometer/LVDT to those obtained by a vernier-caliper. A comparison of %EL, 
determined by both techniques, is illustrated in figures 4-10, 4-11 and 4-12 for three 
different tempering times. It is obvious from the plots very little or no significant 
variations occurred.
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Figure 4-12 %E1 versus Temperature
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Figure 4-13 %E1 versus Temperature
4.5 Slow Strain Rate Test Results
The results of SSR testing performed in the 90°C acidic solution are shown in Figure 4- 
13 for quenched and tempered Alloy EP-823 for three different tempering times. This 
stress-strain diagram was used to calculate the failure stress and the ductility parameters 
including uniform elongation, %E1 and %RA, as shown in Table 4-5. An examination of 
this table clearly indicates that the failure stress (Of) was gradually increased with 
increasing tempering time, however the ductility parameters were reduced showing a 
significant reduction in %E1 for a tempering time of 2.25 hours. However, the TTF was 
not significantly influenced by the tempering time. The effect of tempering time on o,, 
%E1 and %RA are shown in Figures 4-14 (a), (b) and (c).
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Figure 4-14 Comparison of Stress-Strain Diagrams for Alloy EP-823
Table 4-5 Tensile Testing Results using Smooth Cylindrical Specimens
Environment
and
Temperature
Tempering 
Time (hrs)
Uniform
Elongation
(%)
%E1 %RA Pf(lbs)
(Ksi)
O f
(Ksi)
TTF
(hr)
90“C Acidic 
Solution 
(pH = 2.25)
T25 &54 23.19 6 4 .90 3192.47 112.36 162.61 9.914
1.75 7.71 18.71 6 1 6 9 3320.65 107.15 170.24 9.673
2 2 5 6.98 15.05 60.05 3455.73 103.20 176.22 9.468
%E1
Pi
O f
: Percentage Elongation %RA : Percentage Reduction in Area
: Failure Load Om : Maximum Tensile Stress
: Failure Stress TTF : Time-to-Failure
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Figure 4-15 Effect of Tempering Time on (a) Failure Stress (b) Uniform Elongation (c)
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4.6. Cyclic Potentiodynamic Polarization Results
As mentioned earlier, calibration of the potentiostat was performed according to the 
ASTM Designation G 5.̂ ^̂  Potentiodynamic polarization diagram obtained from this 
calibration test is shown in Figure 4-15, showing a potential-current density plot very 
similar to that of the ASTM diagram (Figure 3-7), indicating precision and accuracy of 
the potentiostat used in the CPP experiments. The results of the CPP tests performed in 
the neutral and acidic solutions at 30 and 60 C are shown in the Figures 4-16 through 4- 
19, illustrating an active-passive behavior in all cases. These diagrams enabled the 
determination of critical potentials such as Ecorr, Epu and Eproi, if any, as a function of the 
environmental condition. These critical potentials, determined from these polarization 
diagrams, are given in Table 4-6. Examination of these data clearly reveals that both the 
Ecorr and Epù values became more active (negative) with increasing temperature as shown 
in Figures 4-20 and 4-21, respectively. Ideally, both Ecorr and Epi, should become more 
active in the acidic solution at elevated temperature. However, a similar phenomenon was 
not observed in this study. Thus additional work is suggested for future study on the 
combined effect of temperature and pH on these electrochemical potentials. The 
appearances of the polarized specimens in the neutral and acidic solutions at two testing 
temperatures are shown in Figures 4-22 (a) through (d), once again showing deeper pits
() O
in the 30 C acidic (Figure 4.22 (b)) solution. However, the specimen tested in the 60 C 
acidic solution showed pronounced general dissolution in addition to some smaller pits. 
Nevertheless, the extent of crevice coiTosion was more pronounced in the acidic solution.
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Figure 4-17 CPP Diagram in 30 C Neutral Solution
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Figure 4-18 CPP Diagram in 60 C Neutral Solution
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Figure 4-19 CPP Diagram in 30 C Acidic Solution
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Figure 4-20 CPP Diagram in 60 C Acidic Solution
Table 4-6 Results of CPP Testing
Material/ 
Fleat No Environment
Temperatur
e(°C)
Ecorr , m\^
(Ag/AgCl
)
Epi,, mV 
(Ag/AgC 
1)
Eprot 5 mV
(Ag/AgCI
)
Neutral Solution 30 -460 -130 None
Alloy EP-823/ (pFI: 5-5.6) 60 -860 -240 -580
2055 Acidic Solution 30 -503 -140 -185
(pH: 2-2.25) 60 -547 -417 None
Key to Abbreviations:
Eton : Corrosion Potential
E|„
■̂pit Critical Pitting Potential
Protection Potential Ag/AgCl: Silver / Silver Chloride Electrode
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H eat No; 2054
N eutral Solu tion-400  n
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Figure 4-21 Ecorr versus Temperature
Alloy EP-823 
H eat No; 2054
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A cidic Solution
-100
-200  -
-300  -
-400  -
-500
5020 30 40 60 70
Tem perature ( C)
Figure 4-22 Epit versus Temperature
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8
(a) (b)
■ “V
**•
(c) (d)
Figure 4-23 Appearance of the Polarized EP-823 Specimens Tested in (a) 300C Neutral 
Solution (b) 600C Neutral Solution (c) 300C Acidic Solution (d) 600C Acidic Solution
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4.7. Fractographic Evaluation by SEM
The results of SEM study on the primary fracture face of Alloy EP-823 for three different 
tempering times are shown in Figures 4-23, 4-24 and 4-25 as a function of the testing 
temperature. As anticipated, a large number of cracks and very little plastic deformation 
were observed at ambient temperature (Figures 4-23 (a), 4-24 (a) and 4-25 (a)). However, 
the extent of deformation in terms of plastic zone size was gradually enhanced with 
increasing temperature due to the increased plastic flow at elevated temperatures, as 
illustrated in Figures 4-23 (b), 4-24 (b) and 4-25 (b). It is interesting to note that the mode 
of fracture was predominantly ductile, characterized by dimpled microstructure, as shown 
in these SEM micrographs. A similar pattern was observed for all tested specimens. Thus, 
no noticeable effect of the tempering time on the failure mode was observed.
X35 500wm 25/NOU/03
§ m
(a) (b)
Eigure 4-24 SEM Micrograph of Specimens Tempered for 1.25 hours and Tested at
(a) Ambient and (b) 600 C
45
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
/V:
I M
I V S L  V
1 k  -« '-lin :
(a) (b)
Figure 4-25 SEM Micrograph of Specimens Tempered for 1.75 hours and Tested at
(a) Ambient (b )600C
M M
V  '
(b)
Eigure 4-26 SEM Micrograph of Specimens Tempered for 2.25 hours and Tested at
(a) Ambient (b) 600 C
46
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
CHAPTER 5 
DISCUSSION
This research project is focused on the evaluation of high temperature tensile 
properties, SCC and localized corrosion of Alloy EP-823, a leading target structural 
material for transmutation application. Tensile properties were evaluated in the
O
temperature regime of ambient to 600 C. The susceptibility to SCC and localized 
conosion such as pitting and crevice was evaluated by using SSR and CPP testing 
techniques, respectively.
5.1 Effect of Thermal Treatment
As indicated in the previous section, the hardness of Alloy EP-823 was gradually 
reduced with longer tempering times. However, the resultant tensile properties were not 
significantly influenced by the changes in the tempering time. It is well known that a 
longer tempering time can reduce the internal stresses to some extent due to the 
homogenization of the metallurgical microstructure, even though austenitizing and
0 O
tempering operations were performed at similar temperatures of 1010 C and 621 C, 
respectively. It is also interesting to note that the metallurgical microstructure did not 
change appreciably due to different tempering times.
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5.2 Tensile Testing Results
O
The results of tensile testing at temperatures ranging from ambient to 600 C clearly 
indicate that Alloy EP-823 did experience substantial plastic deformation with increasing 
temperature. These results are not surprising in view of the fact that metals and alloys can 
undergo significant plastic flow as the temperature is increased beyond some critical 
value. This phenomenon is usually associated with the enhanced movement of lattice 
imperfections such as dislocations through the grain boundaries to the neighboring grains 
with increasing temperature. It is, however, interesting to note that in the temperature
regime of ambient to 300 C, the strain value was gradually reduced to some extent. This 
behavior can be attributed to the strain-hardening effect, primarily due to the locking of 
dislocations at the grain boundaries at relatively lower temperatures, resulting in reduced 
plastic flow. A similar behavior has also been reported by other investigators 
for martensitic stainless steels. Beyond 300 C, the plastic deformation was gradually 
enhanced, thus resulting in an increased ductility in terms of both %E1 and % RA.
A careful analysis of the stress-strain diagrams for alloy EP-823 clearly indicates
that the strength of this material was drastically reduced at temperatures beyond 400 C.
These results may suggest that a temperature in the vicinity of 400 C may represent a 
critical value beyond which the plastic flow is significantly enhanced, thus gradually 
reducing both the yield strength and UTS. Simultaneously, the plasticity parameters 
including %E1 and %RA were also significantly enhanced, as expected. It should, 
however, be noted that the failure stress was gradually reduced with increasing 
temperature, despite the occurrence of strain hardening phenomenon in the temperature 
regime of ambient to 300 C. It should also be noted that the stress-strain relationships
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observed with Alloy EP-823 at different testing temperatures were very similar 
irrespective of the tempering time.
5.3. SSR Test Results
The results of SSR testing performed in the 90°C acidic solution indicate that the 
failure stress (of) was gradually increased with an increase in tempering time from 1.25 to 
1.75 to 2.25 hours, respectively. It is well known that for a quenched and tempered 
material, the increased tempering time can influence the resultant metallurgical properties 
by inducing enhanced plasticity due to the relaxation of internal stresses. This 
phenomenon was also observed in the present study, particularly in case of the failure 
stress that showed higher values in the SCC study with increasing tempering time. 
However, since the ductility parameters including %E1 and %RA showed somewhat 
reduced values with specimens tempered for longer times, further investigation is needed 
to explain this unusual metallurgical behavior. Therefore, additional SCC studies using 
specimens tempered for different times are warranted to resolve this issue.
5.4 CPP Test Results
The results of CPP test showed that the susceptibility of Alloy EP-823 to localized 
attack was more pronounced in the acidic solution at higher temperature. As indicated in 
the previous section, both Ecorr and Epit values became more active in the acidic solution 
compared to those in the neutral solution, in particular, at the higher testing temperature. 
The combined effect of increased hydrogen ion (H^) concentration in the acidic solution 
and higher testing temperature can possibly account for such behavior. However, it is
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interesting to note that in the 60 C acidic solution, more general dissolution was observed 
thus, causing less localized attack on the surface of the polarized specimen.
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CHAPTER 6
SUMMARY AND CONCLUSION
High-temperature tensile properties of quenched and tempered martensitic Alloy EP- 
823 have been determined as a function of three different tempering times in the
temperature regime of ambient to 600 C. The susceptibility to stress corrosion cracking 
has been evaluated in the 90 C acidic solution as a function of tempering time. Also, the 
localized corrosion behavior has been evaluated by CPP technique. Fractographic 
evaluations of tensile specimens tested at different temperatures have been performed by 
SEM. The significant conclusions drawn from this investigation are summarized below;
• Fine-grained and fully-tempered microstructure, characteristics of quenched and 
tempered martensitic stainless steel, was observed by optical microscopy. No 
significant effect of tempering time on the metallurgical microstructure in terms 
of grain size was observed, as expected.
• The hardness (Re) value was significantly reduced due to tempering, as expected, 
showing more pronounced effect at longer tempering times.
• The magnitude of the YS, UTS and o, was gradually reduced with increasing 
temperature, as expected. However, the extent of reduction of these parameters
was more pronounced at temperatures beyond 400 C.
• The strains and the extent of ductility in terms of %E1 and %RA were gradually 
reduced to some extent with increasing temperature in the temperature regime of
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ambient to 300 C possibly due to strain hardening. However, the ductility was
0
significantly enhanced at temperatures 400 C.
The gradual enhancement in ductility at elevated temperatures was characterized 
by larger dimpled area, which indicates increased plasticity.
No effect of tempering time was observed on YS, UTS, %EL and %RA 
irrespective of the testing temperature.
The limited data obtained in the SSR tests indicate that Of was gradually enhanced 
with increasing tempering time.
The magnitude of Ecorr and Epn became more active in the neutral and acidic 
solutions at elevated temperature, showing a detrimental effect of temperature on 
the localized corrosion susceptibility. All polarized specimens showed classical 
pits, but the extent of crevice corrosion was more pronounced in the acidic 
solution.
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CHAPTER 7
SUGGESTED EUTURE WORK
E The effect of tempering time on the cracking susceptibility should be studied 
as a function of temperature and pH, using the slow-strain-rate testing.
2. The results of SCC data to be obtained in the molten LBE environment at 
Los Alamos National Laboratory should be correlated to that obtained in 
this investigation using aqueous environments.
3. CPP testing should be continued to evaluate the effect of temperature and 
pH on the localized corrosion behavior of Alloy EP-823.
4. The role of imperfections involving dislocations and their interactions on the 
deformation behavior as a function of testing temperature need to be 
performed by transmission electron microscopy (TEM).
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APPENDIX A
TENSILE DATA USING SPECIMENS TEMPERED FOR 1.25 HOURS AS A
FUNCTION OF TESTING TEMPERATURE
Material: Alloy EP-823 
Heat no: 2056 
Specimen ID: E56_l # 1 
Testing Temperature: Ambient 
Length: 4.0008 inch
Diameter: 0.2514 inch
UTS: 123.1 ksi
YS: 100.0 ksi
%E1 (Extensometer): 24.79
%E1 (Vernier Calipers): 25.35 
%RA: 65.10
140
120
100
0,100 0 .1 5 0 0.200 0 .2 5 00.000 0 .0 5 0
Strain
Material: Alloy EP-823 
Heat no: 2056 
Specimen ID: E56_I # 3 
Testing Temperature: Ambient 
Length: 4.0083 inch
Diameter: 0.2515 inch
UTS: 124.4 ksi
YS: 101.7 ksi
%E1 (Extensometer): 24.01
%E1 (Vernier Calipers): 23.95 
%Reduction in Area: 64.90
140
120
100
a
0.000 0 .0 5 0 0.100 0.150 0.200 0 .2 5 0
Strain
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Material: Alloy EP-823 
Heat no: 2056 
Specimen ID: E56_l # 4 
Testing Temperature: 100°C 
Length: 4.0083 inch
Diameter: 0.2515 inch
UTS: 116.7 ksi
YS: 9&71KÎ
%E1 (Extensometer): 24.01
%E1 (Vernier Calipers): 23.95 
%Reduction in Area: 62.10
120
100 -
% 60 -
40 -
20 -
0.1500.000 0.050 0.100 0.200 0.250
Strain
Material: Alloy EP-823 
Heat no: 2056 
Specimen ID: E56_l # 5 
Testing Temperature: 100°C 
Length: 4.0083 inch
Diameter: 0.2515 inch
UTS: 117.2 ksi
YS: 97.2 ksi
%E1 (Extensometer): 23.45
%E1 (Vernier Calipers): 23.95 
%Reduction in Area: 63.75
120
100
0.000 0.050 0.100 0.150 0.200
Strain
&250
Material: Alloy EP-823 
Heat no: 2056 
Specimen ID: E56_l # 7 
Testing Temperature: 300°C 
Length: 4.0083 inch
Diameter: 0.2515 inch
UTS: 110.6 ksi
YS: WL4kM
%E1 (Extensometer): 20.31
%E1 (Vernier Calipers): 21.05 
%Reduction in Area: 64.39
120
00
80
60
40
20
0
0.0500.000 0.100 0.150 0.200 0.250
Strain
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Material: Alloy EP-823 
Heat no: 2056 
Specimen ID: E56_l # 8 
Testing Temperature: 300*’C 
Length: 4.0083 inch
Diameter: 0.2515 inch
UTS: 109.2 ksi
YS: 88J l« i
%E1 (Extensometer): 20.01
%E1 (Vernier Calipers): 21.25 
%Reduction in Area: 62.70
100
80 -
20 -
0.000 0.050 0.100 0.150 0.200 0.250
Strain
Material: Alloy EP-823 
Heat no: 2056 
Specimen ID: E56_l # 1 0  
Testing Temperature: 400^C 
Length: 4.0083 inch
Diameter: 0.2515 inch
UTS: 103.1 ksi
YS: 84.9 ksi
%E1 (Extensometer): 22.56
%E1 (Vernier Calipers): 23.65 
%RA: 65.57
120
100
6
0.0500.000 0.100 0.150 0.200 0.250
Strain
Material: Alloy EP-823 
Heat no: 2056 
Specimen ID: E56_L5 # 12 
Testing Temperature: 400**C 
Length: 4.0083 inch
Diameter: 0.2515 inch
UTS: 107.5 ksi
YS: 85.6 ksi
%E1 (Extensometer): 22.58
%E1 (Vernier Calipers): 23.12 
%Reduction in Area: 64.29
120
100
80
60
40
20
0
0.0500.000 0.100 0.150 0.200 0.250
Strain
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Material: Alloy EP-823 
Heat no: 2056 
Specimen ID: E56_l #13  
Testing Temperature: 500°C 
Length: 4.0083 inch
Diameter: 0.2515 inch
UTS: 84.3 ksi
YS: 78.2 ksi
%E1 (Extensometer): 29.01
%E1 (Vernier Calipers): 30.95 
%Reduction in Area: 64.31
100
I
0.000 0.050 0.100 0.150 0.200 0.250
Strain
0.300 0.350
Material: Alloy EP-823 
Heat no: 2056 
Specimen ID: E56_l #14 
Testing Temperature: 500V  
Length: 4.0083 inch
Diameter: 0.2515 inch
UTS: 86.7 ksi
YS: 80.10 ksi
%E1 (Extensometer): 29.19
%E1 (Vernier Calipers): 23.95 
%Reduction in Area: 66.90
120
100
80
60
40
20
0
0.150 0.2000.000 0.050 0.100 0.250 0.300
Strain
Material: Alloy EP-823 
Heat no: 2056 
Specimen ID: E56_l # 16 
Testing Temperature: 600"C 
Length: 4.0028 inch
Diameter: 0.2514 inch
UTS: 56.0 ksi
Yield Strength: 55.5 ksi 
%E1 (Extensometer): 36.01
%E1 (Vernier): 36.86
%RA: 8L05
60
40
20
0 i— 
0.000 0.200 0.3000.100 0.400
Strain
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APPENDIX B
TENSILE DATA USING SPECIMENS TEMPERED FOR 1.75 HOURS AS A
FUNCTION OF TESTING TEMPERATURE
Material: Alloy EP-823 
Heat no: 2056 
Specimen ID: E56_1.5 # 2 
Testing Temperature: ambient 
Length: 4.0008 inch
Diameter: 0.2514 inch
UTS: 124.1 ksi
YS: 103.0 ksi
%E1 (Extensometer): 24.79
%E1 (Vernier Calipers): 25.35 
%RA: 65.10
140
120
100
ih
0.000 0.050 0.100 0.150 0.200 0.250
Strain
Material: Alloy EP-823 
Heat no: 2056 
Specimen ID: E56_L5 # 8 
Testing Temperature: Ambient 
Length: 4.0083 inch
Diameter: 0.2515 inch
UTS: 124.7 ksi
YS: 103.7 ksi
%E1 (Extensometer): 24.01
%E1 (Vernier Calipers): 23.95 
%Reduction in Area: 64.90
140 .
120 ^
100
g  80-
60 -
40 -
I
0.000 0.050 0.100 0.150 0.200 0.250
Strain
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Material; Alloy EP-823 
Heat no: 2056 
Specimen ID: E56_1.5 # 3 
Testing Temperature: 100°C 
Length: 3.9997 inch
Diameter: 0.2516 inch
UTS: 115.7 ksi
YS: 96.8 ksi
%E1 (Extensometer): 23.88
%E1 (Vernier Calipers): 23.75 
%Reduction in Area: 64.46
120 -
100 -
80 '
60 ^
0.000 0.100 0.150 0.200 0.2500.050
Strain
Material: Alloy EP-823 
Heat no: 2056 
Specimen ID: E56_1.5 # 9 
Testing Temperature: 100"C 
Length: 4.0045 inch
Diameter: 0.2513 inch
UTS: 117.0 ksi
YS: 97.8 ksi
%E1 (Extensometer): 22.81 %E1 
(Vernier Calipers): 23.15
%Reduction in Area: 65.48
120
100
0.000 0.100 0.150 0.2000.050 0.250
Strain
Material: Alloy EP-823 
Heat no: 2056 
Specimen ID: E56_1.5 # 4 
Testing Temperature: 300^C 
Length: 4.0008 inch
Diameter: 0.2514 inch
UTS: 109.6 ksi
YS: 90.5 ksi
%E1 (Extensometer): 22.44 %E1
(Vernier Calipers): 22.12
%Reduction in Area: 63.93
120 n
100 -
80 -
60 -
0.150 0.2000.000 0.050 0.100 0.250
Strain
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Material; Alloy EP-823 
Heat no: 2056 
Specimen ED: E56_1.5 # 11 
Testing Temperature: 300°C 
Length: 4.0048 inch
Diameter: 0.2514 inch
UTS: 108.7 ksi
YS: 87.5 ksi
%E1 (Extensometer): 20.80 %
El (Vernier Calipers): 20.83 
%Reduction in Area: 64.33
120 1
100 -
80 -
60 -
20 -
0.000 0.2500.050 0.2000.100 0.150
Strain
Material: Alloy EP-823 
Heat no: 2056 
Specimen ID: E56_1.5 # 12  
Testing Temperature: 400'*C 
Length: 3.9993 inch
Diameter: 0.2513 inch
UTS: 102.4 ksi
YS: 84.4 ksi
%E1 (Extensometer): 22.05
%E1 (Vernier Calipers): 21.82 
%Reduction in Area: 64.46
120 1
100
60I
0.000 0.050 0.200 0.2500.1500.100
Strain
Material: Alloy EP-823 
Heat no: 2056 
Specimen ID: E56_1.5 # 5 
Testing Temperature: 400^C 
Length: 4.0000 inch
Diameter: 0.2514 inch
UTS: 103.6 ksi
YS: 84.1 ksi
%E1 (Extensometer); 21.64 
%E1 (Vernier Calipers): 21.92 
%Reduction in Area: 66.12 0.000
120
100
£
0.050 0.100 0.150
Strain
0.200 0.250
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Material: Alloy EP-823 
Heat no: 2056 
Specimen ID: E56_1.5 # 6 
Testing Temperature: 500*̂ C 
Length: 3.9970 inch
Diameter: 0.2514 inch
UTS: 83.7 ksi
YS: 78.0 ksi
%E1 (Extensometer): 29.93 
%E1 (Vernier Calipers): 30.98 
%Reduction in Area: 78.59
100
Ih
0.000 0.050 0.100 0.150
Strain
0.200 0.250 0.300
Material: Alloy EP-823 
Heat no: 2056 
Specimen ID: E56_1.5 # 13
Testing Temperature: 500*̂ C 
Length: 4.0040 inch
Diameter: 0.2514 inch
UTS: 84.4 ksi
YS: 77.2 ksi
%E1 (Extensometer): 26.97 
%E1 (Vernier Calipers): 28.10 
%Reduction in Area: 75.09
100
I
0.000 0.050 0.100 0.150
Strain
0.200 0.250 0.300
Material: Alloy EP-823 
Heat no: 2056 
Specimen ID: E56_L5 # 7 
Testing Temperature: 600V  
Length: 3.9975 inch
Diameter: 0.2514 inch
UTS: 58.6 ksi
YS: 56.7 ksi
%E1 (Extensometer): 39.56
%E1 (Vernier Calipers): 36.63 
%Reduction in Area: 85.01
go
60
40
20
0.000 0.050 0.100 0.150 0.200 0.250 0.300 0.350 0.400
Strain
61
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Material; Alloy EP-823
Heat no: 2056
Specimen ID: E56_1.5 # 14
Testing Temperature: 600*^C
Length: 4.0058 inch
Diameter: 0.2519 inch
UTS: 58.9 ksi
YS: 57.7 ksi
%E1 (Extensometer): 37.14
%E1 (Vernier Calipers): 35.32
%Reduction in Area: 86.37
80 1
60 -
40 -I
20 -
0.000 0.050 0.100 0.150 0.200 0.250 0.300 0.350 0.400
Strain
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APPENDIX C
TENSILE DATA USG SPECIMENS TEMPERED FOR 2.25 HOURS AS A FUNCTION
OF TESTG TEMPERATURE
Material: Alloy EP-823 
Heat no: 2056 
Specimen ID: E56_2 # I 
Testg Temperature: 
(Ambient)
27°C
Length:
Diameter:
UTS:
YS:
4.0017 inch
0.2518 inch 
123.7 ksi 
101.6 ksi
%E1 (Extensometer): 24.80 
%E1 (Vernier): 25.07 
%RA: 63.80
140 -I
100 -
.3 80 -
40 -
20 -
0.1000.000 0.050 0.2500.150 0.200
Strain
Material: Alloy EP-823 
Heat no: 2056 
Specimen ID: E56_2 # 3 
Testg Temperature: 27°C 
Length: 4.0073 inch
Diameter: 0.2515 inch
UTS: 123.5 ksi
YS: lOI.I ksi
%E1 (Extensometer): 24.29
%E1 (Vernier): 24.18 
%R A: 63.94
140
120
100
0.050 0.100 0.2500.000 0.150 0.200
Strain
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Material: Alloy EP-823 
Heat no: 2056 
Specimen ID: E56_2 # 5 
Test Temperature: 100°C 
Length: 4.0062 inch
Diameter: 0.2517 inch
UTS: 115.6 ksi
YS: 98.0 ksi
%E1 (Extensometer): 22.79
%E1 (Vernier): 23.12 
%RA: 67.71
120
100
I
0.000 0.050 0.100 0.150 0.200 0.250
Strain
Material: Alloy EP-823 
Heat no: 2056 
Specimen ID: E56_2 # 6 
Test Temperature: 100°C 
Length: 4.0062 inch
Diameter: 0.2516 inch
UTS: 115.5 ksi
YS: 94.3 ksi
%E1 (Extensometer): 22.93
%E1 (Vernier): 23.47 
%R A: 66.73
120
100
0.000 0,050 0.100 0,150 0.200 0,250
Strain
Material: Alloy EP-823 
Heat no: 2056 
Specimen ID: E56_2 # 7 
Test Temperature: 300°C 
Length: 4,0018 inch
Diameter: 0.2519 inch
UTS: 109.5 ksi
YS: 88.9 ksi
%E1 (Extensometer): 21.29
%E1 (Vernier): 21.47 
%R A: 64.29
120 1
100 ^
I
40 "
0.000 0.050 0.100 0.150 0.200 0.250
Strain
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Material; Alloy EP-823 
Heat no: 2056 
Specimen ID: E56_2 # 8 
Test Temperature: 300V  
Length: 3.9990 inch
Diameter: 0.2517 inch
UTS: 111.2 ksi
YS: 90.7 ksi
%E1 (Extensometer): 20.83
%E1 (Vernier Calipers): 
20.75
%R A: 64.89
120  -,
100  -
60 -I
20 -
0.2500.050 0.100 0.150 0.2000.000
Strain
Material: Alloy EP-823 
Heat no: 2056 
Specimen ID: E56_2 # 9 
Test Temperature: 400*’C 
Length: 4.0047 inch
Diameter: 0.2514 inch
UTS: 101.8 ksi
YS: 82.5 ksi
%E1 (Ex ten s ometer) : 21.39 
%E1 (Vernier Calipers):
21.60
%R A: 66.82
120
100
I
0.100 0.150 0.200 0.2500.0500.000
Strain
Material: Alloy EP-823 
Heat no: 2056 
Specimen ID: E56_2 # 10 
Test Temperature: 400°C 
Length: 3.9937 inch
Diameter: 0.2517 inch
UTS: 102.1 ksi
YS: 80.4 ksi
%E1 (Ex ten someter) : 21.97
%E1 (Vemier Calipers): 
21.70
%R A: 66.21
120 1
100  -
80 -
I
40
20  -
0.100 0.150 0.200 0.2500.0500.000
Strain
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Material: Alloy EP-823 
Heat no: 2056 
Specimen ED: E56_2 #11 
Test Temperature: 500°C 
Length: 4.0037 inch
Diameter: 0.2516 inch
UTS: 83.9 ksi
YS: 74.5 ksi
%E1 (LVDT): 28.93 %E1
(Vernier Calipers): 28.75 
%RA: 77.13
100
I
0.000 0.050 0.100 0,150 0.200 0.250 0.300 0.350
Strain
Material: Alloy EP-823 
Heat no: 2056 
Specimen ID: E56_2 # 1 2
Test Temperature: 500^C 
Length: 3.9952 inch
Diameter: 0.2518 inch
UTS: 83.3 ksi
YS: 75.3 ksi
%E1 (LVDT): 30.91 %E1
(Vernier Calipers): 30.07 
%R A: 77.97
100
I
0.000 0.050 0.100 0.150 0.200
Strain
0.250 0.300 0.350
Material: Alloy EP-823 
Heat no: 2056 
Specimen ID: E56_2 #13  
Test Temperature: 600‘̂ C 
Length: 4.0027 inch
Diameter: 0.251 inch
UTS: 55.8 ksi
YS: 5^0 kü
%E1 (LVDT): 39.89 %E1 
(Vernier Calipers): 37.47 
%R A: 85.82
60
40
20
0  4—  
0.000 0.100 0.200 0.300 0.400 0.500
Strain
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Material: Alloy EP-823 
Heat no: 2056 
Specimen ID: E56_2 # 14 
Test Temperature: 600*̂ C 
Length: 3.9983 inch
Diameter: 0.2517 inch
UTS: 56.9 ksi
YS: 56.1 ksi
%E1 (LVDT): 42.62 %E1 
(Vernier Calipers): 40.32 
%R A: 86.59
60 I
0.000 0.100 0.200 0.300 0.400 0 500
Strain
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